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interesting questions. It took me about 
six months to realize that philosophy 
(as interesting as it is) wasn’t going 
to answer any questions about how 
to reform education. Psychology 
seemed like the answer: I reasoned 
that understanding the mind should 
help one fi gure out how to change it. 
The problem then became the paucity 
of information about the mind. At that 
stage, psychology was just shaking 
off its behaviorist perspective (my fi rst 
publication, when I was an undergrad, 
was a behavioral study with rats). I 
didn’t see any alternatives, and stuck 
with psychology. 
As it developed many years later, 
turning to studies of the brain opened 
up an entirely new way to think about 
education. I was an early adopter of 
neuroimaging techniques. Some of 
our studies focused on the nature of 
individual differences. In particular, we 
looked at how variations in regional 
brain activity predicted variations in 
behavior. Ultimately, my hope was that 
we could use such results to validate 
simple behavioral tests, and that 
those tests in turn could be used to 
characterize each person’s ‘processing 
profi le’. This profi le would indicate 
what sorts of processing a given 
person was good at, and what sorts 
of processing that person was not so 
good at. And, knowing this, we could 
fi gure out how best to help that person 
learn. This interest was a facet of my 
more general interest in the science 
of learning, which has deep potential 
applications in all walks of life.
In general, my inclination towards 
applications has kept me alert to 
potential ways that basic science can 
be put into practical contexts, which 
has proven very useful.
Which aspect of science, your fi eld 
or in general, would you wish the 
general public knew more about? 
I wish the public understood how 
useful basic research is. I understand 
the value of ‘problem-driven’ applied 
research, but fi nd it often narrow and 
circumscribed. Basic research provides 
foundations for solving problems that 
don’t even exist yet. I wish the public 
could be educated to understand the 
value — in every sense of the term – of 
just understanding deeply the nature of 
our world and ourselves.
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The plant vacuole, as such, does 
not exist. Of course, this is a crude 
overstatement, but as a matter of 
fact, the plant vacuole is a versatile 
organelle that assumes a multitude of 
functions — depending on cell type, 
plant organ and developmental stage 
it can act as the lytic vacuole, as a 
storage compartment, as a pressure 
cushion or as a bouquet of fl avour and 
colour (Figure 1). 
The plant vacuole — isn’t that like 
the animal lysosome? Of course, one 
of its most ubiquitous functions is as 
a recycling machine that contains a 
large set of hydrolytic enzymes such 
as acidic phosphatases or proteases. 
It is also part of the secretory 
system and communicates with the 
endomembrane system. Yet, the role 
of the plant vacuole is much more 
versatile. In contrast to lysosomes, the 
size is very different in different cell 
types and the pH of a plant vacuole 
can range from neutral, as it is in the 
beautiful blue morning glory, to far 
below 3, for instance in lemon or non-
ripened grape berries. 
Do you have a sweet tooth? If so, you 
must be a fan of the plant vacuole. 
The vacuole is the major store for 
mono-, di-, and oligosaccharides. 
The vacuoles of sugar beet or sugar 
cane store sugar in the form of the 
disaccharide sucrose, at very high 
concentrations. Although sucrose 
is a common reserve carbohydrate 
stored in plant vacuoles, many plants 
also contain large amounts of glucose 
and fructose and some species store 
carbohydrates in the form of fructans. 
These linear polymers, constituted 
of fructose linked to sucrose, are 
produced within the vacuole and if 
they are small, they taste sweet to 
us. However, humans do not contain 
enzymes to break down fructans for 
energy production, so vacuoles from 
fructan-producing plants such as 
chicory or Jerusalem artichoke also 
help to sweeten coffee for sufferers 
from diabetes or for the calorie-
conscious.
Quick guide What makes a vegetarian meal protein rich? The plant vacuole! 
Besides carbohydrates, plant vacuoles 
store proteins, especially in seeds. 
Leguminous crops such as lentils, 
peas and soybeans, as well as cereals 
such as wheat, rye and barley contain 
specialised protein storage vacuoles 
which keep a supply of nitrogen for 
seed germination. However, not all 
proteins stored in seeds are edible. The 
castor oil plant Ricinus communis, for 
example, stores the lectin ricin in its 
seed protein storage vacuoles. Ricin is 
lethal since it inhibits eukaryotic protein 
biosynthesis, even if only a few seeds 
are consumed.
Where does a wine’s bouquet come 
from? From A to Z a wine’s bouquet 
comes from the plant vacuole. If 
you like to muse about the elegant, 
expressive nose of a wine, consider 
that the components giving taste to 
wine are stored in the grape berry’s 
vacuole. Glucose and fructose are 
converted into alcohol, while the main 
carboxylic acids malic or tartaric acid 
exhibit a specifi c taste and give the 
wine the acidity. The specifi city of a 
wine is given by secondary metabolites 
stored in the vacuole. Flavonoids such 
as tannins are not only important for 
the taste, but also add to the feel and 
texture (body) of the wine. Finally, other 
phenolics such as cinnamic acid or 
terpenoid derivatives contribute to 
the wine’s specifi c aroma. The low pH 
observed in grape berries drives the 
uptake and traps acids by protonation. 
For wine quality, vacuolar acidity is an 
important feature, since it balances the 
alcohol and helps to preserve the wine. 
Acidifi cation of the vacuole can occur 
through three different proton pumps. 
The most important is the V-type 
H+-ATPase, which can be found also 
in fungi and animals. In eukaryotes, 
H+-pyrophosphatases are found only 
in plants, while a P-type H+-ATPase 
is found only in specifi c plant tissues, 
mainly in cells containing a very acid 
vacuole like those of fruits and fl ower 
petals. 
How do plants defend themselves 
and also human kind? With the help of 
their vacuoles. As sessile organisms, 
plants cannot move away when the 
going (or environment) gets rough 
around them. Whether it be heavy 
metals in their soil or salt in their water, 
plants detoxify harmful compounds 



















Figure 1. The multifaceted role of plant vacuoles. 
Plant vacuoles perform an incredibly diverse array of cellular functions. Concept and realiza-
tion in collaboration with diogoguerra.com.
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Eyes may be ‘the window to the soul’ in 
humans, but whiskers provide a better 
path to the inner lives of rodents. The 
brain has remarkable abilities to focus 
its limited resources on information that 
matters, while ignoring a cacophony of 
distractions. While inspecting a visual 
scene, primates foveate to multiple 
salient locations, for example mouths 
and eyes in images of people, and 
ignore the rest. Similar processes 
have now been observed and studied 
in rodents in the context of whisker-
based tactile sensation. Rodents use 
their mechanosensitive whiskers for a 
diverse range of tactile behaviors such 
as navigation, object recognition and 
social interactions. These animals move 
their whiskers in a purposive manner 
to locations of interest. The shapes of 
whiskers, as well as their movements, 
are exquisitely adapted for tactile 
exploration in the dark tight burrows 
where many rodents live. By studying 
whisker movements during tactile 
behaviors, we can learn about the 
tactile information available to rodents 
through their whiskers and how rodents 
direct their attention. In this primer, we 
focus on how the whisker movements 
of rats and mice are providing clues 
about the logic of active sensation and 
the underlying neural mechanisms.
Whiskers
Most land and aquatic mammals 
use mechanosensitive whiskers 
to touch and explore objects of 
interest. Whiskers are specialized 
hairs emanating from follicles that are 
densely packed with nerve endings. 
Mechanical interactions between a 
whisker and an object are converted by 
the whisker into stresses in the follicle. 
Mechanoreceptors in sensory neurons 
transduce these stresses into neural 
signals, which are interpreted by the 
central nervous system to learn about 
the structure of the world.
The whisker shape plays a critical 
role in translating mechanical stimuli 
to neural excitation. Across species, 
whiskers have diverse shapes, which 
refl ect the behaviors and ecological 
niches of their owners. For example, the 
Primerby sequestering them into the vacuole. 
This way, toxic ions are kept out of the 
cytoplasm where they could inhibit 
enzyme function or scavenge important 
nutrients. Detoxifi cation mechanisms of 
toxins and xenobiotics are very similar 
in animals and plants, but while animals 
can excrete, plants use an ‘internal 
excretion’ and store the modifi ed toxins 
in the vacuole.
But it’s not just their soil and water 
that plants cannot escape — bacteria, 
fungi, viruses and herbivores may 
constantly attack it. Vacuoles store a 
great number of secondary metabolites 
to repel and deter such attackers. Many 
of the natural defence compounds that 
plants store in vacuoles for their own 
good are useful for pharmaceutical 
purposes. Two examples are the 
alkaloids vinblastine and morphine. 
Vinblastine is used commercially as a 
mitosis-inhibitor during chemotherapy 
of cancer patients. Together with 
its related alkaloid vincristine, also 
used in cancer therapy, it occurs in 
large quantities in vacuoles of special 
cells (idioblasts) of the madagascan 
plant rosy periwinkle (Catharanthus 
roseus). Morphine is well known for its 
pain-relieving function. Its synthesis 
occurs in different cell types and is 
fi nally stored in small, special vacuoles 
present in the laticifers of opium poppy. 
Why are plants able to grow so large 
upright against gravity? In part, 
because of their vacuole. In adult 
cells of leaves, roots and stems the plant vacuole occupies 80–90% of 
the cell volume. Vacuoles accumulate 
osmotically active solutes causing water 
infl ux and cell swelling. The resultant 
hydrostatic pressure against of the rigid 
cell wall constitutes turgor pressure, 
which plants need to grow against the 
gravitational force to reach a large size 
and optimize photosynthesis. To save 
energy, the osmotically active solutes 
stored in the vacuole are only rarely 
organic solutes and mostly inorganic 
anions such as sodium, potassium or 
chloride. If plants suffer from a lack of 
water in the soil, cell turgor decreases 
and plants start wilting. 
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